The acute skin wound healing is a process to restore the lost or damaged tissue through several stages in predicted time. The wound healing process involves several mediators, an extracellular matrix component, cutaneous cells and blood cells in 4 overlapping stages: hemostatic, inflammation, tissue formation (migration and proliferation) and remodeling \[[@r57], [@r59]\]. The phase of new tissue formation is characterized by the formation of granulation tissue. Intense fibroblast proliferation and migration occur in order to synthesize the new extracellular matrix in the damaged tissue area \[[@r28], [@r61], [@r65]\]. Once in the damaged tissue area, fibroblasts synthesize new matrix elements such as proteoglycans, glycosaminoglycans (GAGs) and collagens, the main components of the extracellular matrix, which are deposited in the damaged area to replace the initial provisional matrix, comprised initially of fibrin \[[@r9], [@r28], [@r65]\]. Proteoglycans and GAGs are the conjugated polysaccharide to protein or amino acid chain presented in skin to fill mostly interstitial space between tissue and protein fibers \[[@r35]\]. The most abundant proteoglycans and GAGs in skin are hyaluronic acid, decorin, and versican \[[@r11], [@r49]\]. Hyaluronic acid is known to play a crucial role in wound healing, such as facilitated inflammation, cell migration, proliferation, and collagen deposition \[[@r13]\].

The existence or ration between certain collagen types affect the function of fibroblast. The study conducted by Volk *et al*. \[[@r56]\] exhibited that collagen III deficient of mice shows increasing myofibroblast differentiation, resulting in stronger wound contraction. In addition, it has been reported that the mice show abnormality of fibrillogenesis of collagen type I in the skin and other organs, and that collagen type III may play a role in regulating collagen type I synthesis \[[@r38]\]. Scarless wound healing in some fetus of small and large mammals show a high ratio of collagen type III to collagen type I \[[@r6], [@r10], [@r16], [@r43]\].

A simple observation in the captivity of the Sunda porcupine (*Hystrix javanica*) exhibit a quick enclosure of large and severe wounds with only small scar formation. This observation was performed spontaneously with no controlled environment, resulting in asepsis and non-steril conditions, thus exposure of infectious agents around the animals potentially disturbs the healing. Although in those condition, the wound healing in the Sunda porcupine occurs well.

Fundamental and comprehensive data of morphological wound healing in the Sunda porcupine is important to get a better understanding of the wound healing process. There were no reports about the study of polysaccharide content and collagen composition in the cutaneous wound healing process in the Sunda porcupine. The aim of this study is to evaluate and analyze the changes of polysaccharide contents, as well as structure and composition of collagen (types I and III) in the full-thickness skin wound healing process in the Sunda porcupine.

MATERIALS AND METHODS {#s1}
=====================

Animals
-------

In this study, we used skin samples from 6 adult Sunda porcupines from Small Mammals Captivity of Indonesian Institute of Science. The animals were aged 2--4 years and weighing 6--8 kg. The age was determined by the record of each animal. The skin samples were collected by biopsy procedure from thoracodorsal (TD) and lumbosacral (LS) regions. The regions were selected due to their specific quill type which grow in the region. The biopsy procedures were conducted in 4 animals, while the other 2 animals were used to observe the normal appearances of wound healing. The animals were sampled for skin biopsy and the procedures were conducted under anesthesia with 10% HCl ketamine (2.5 mg/kg body weight (BW) Ketamil, Illium, Troy Laboratories, NSW, Australia) and 2% xylazine HCl (1 mg/kg BW, Xylazil, Ilium; Troy Laboratories). All procedures were performed in accordance with the ethical approval of The Ethical Clearance Subcommittee of Life Science, Indonesian Institute of Sciences No. B-12695/K/KS.02.04/XII/2017.

Wounding and biopsies
---------------------

Full thickness wounding until subcutaneous muscle, approximately 11 cm^2^ was conducted by incision method in all animals in TD and LS regions. The wounds were untreated with any medication until the end of observation for normal healing evaluation. The skin collected from wounding (day 0) was then fixed in buffered neutral formalin (BNF) 10%. The gross observation of the wounds was conducted in all animals, however the photographs of the clinical appearances of the normal healing were only from 2 animals (non biopsy animal). In addition, wound areas (wound size in TD and LS) were measured in days 0, 3, 7, 10, 14, 21, 30, and 40 post wounding. Repeated biopsies in 4 animals were conducted in days 3, 7, 14, 21, 30, 40 and 50 post wounding by incision on wound edge until deep dermis, approximately 2 cm^2^ to be evaluated histologically. The skin samples were then fixed in BNF 10%.

Histological staining and analysis
----------------------------------

Fixed skin samples proceeded to the standard paraffin histological procedure. The samples were then sectioned at 5--10 *µ*m serially. Subsequently, the hematoxylin and eosin staining method were performed to observe the general structure. Image photographs were conducted on normal dermis (superficial dermis + deep dermis), wound border and granulation tissue in 5 serial sections of the skin. Epidermal thickness measurement was performed in 3--4 objective fields on all sections using the ImageJ 2.0 software (National Institute of Health, Bethesda, MD, USA).

Periodic acid Schiff (PAS) and Alcian Blue (AB) pH 2.5 staining methods were used to identify the distribution of neutral and acid polysaccharide in the tissue. Moreover, the picrosirius red staining method was used to identify collagen types I and III composition in the tissue. The analysis of the collagen composition was performed under light microscope (IX71, Olympus, Tokyo, Japan) with a modified polarized filter. Polarized observation was performed using 2 linier polarized filters. One filter was placed above the source of light and another one was placed between the section and objective lens. Polarized light effect was performed by rotating the filter above the light source to 90°. Observation was carried out at 4× and 10× objective magnification, each of 2 fields of view on normal dermis (superficial dermis+deep dermis), wound border and granulation tissue on all sections.

The percentage of red and green fibers was measured using the ImageJ 2.0 software (National Institute of Health) to determine the ratio of thick fibers (Collagen I) and thin fibers (Collagen III). The polarized PSR images were converted to the greyscale RGB (Red Green Blue) format then proceeded to the area percentage in each red and green channel images in the grey value ranged 60--255.

LV-SEM imaging
--------------

Dewaxed and dried sections were immersed in 2.5% glutaraldehyde in 0.1 M PBS for 15 min in room temperature, washed and dehydrated in graded ethanol 90--100%. In the next stages the section in the LV-SEM unit (Hitachi TM 3030, Hitachi, High-Tech Corp., Tokyo, Japan) were observed. The photographs were taken on 1,000× magnification of each section on normal dermis (superficial dermis+deep dermis), wound border and granulation tissue.

Data analysis
-------------

Microscopic images were analyzed descriptively, while the measurement of epidermal thickness and a percentage of collagen (types I and III) were analyzed using ANOVA single way and Kruskall-Wallis method at *P*\<0.05. The significant value in ANOVA and Kruskall-Wallis' analysis was tested by the Duncan and Dunn method to acknowledge the significance in each region and time.

RESULTS {#s2}
=======

General morphology and polysaccharide distribution in wound healing
-------------------------------------------------------------------

Generally, the wound healing in the Sunda porcupine began with re-epithelization followed by progressive wound contraction. The wound healing process consists of 4 overlapping stages according to its morphological characteristic ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Schematic of wound healing events in the Sunda porcupine. The wound healing occurred in 4 overlapping stages, namely hemostatic, inflammation, tissue formation, and remodeling.). Hemostatic (red bar) appeared as soon as wounding performed and began to formed a clot during day 0 to day 3 post wounding. Gross observation during day 0 to day 3 post wounding showed reddish color on the skin around the wound which indicated the inflammation stage started during hemostatic stage ([Fig. 1](#fig_001){ref-type="fig"}: pattern-inflammation bar) and then followed by overlapping stage where inflammation and tissue formation began ([Fig. 1](#fig_001){ref-type="fig"}: grey-inflammation bar). Wound enclosures in TD region occurred faster than LS region, the pattern of closure between ratios was similar. Wound area initially increased until day 7 post wounding, then enclosed significantly from day 10 to 40 post wounding ([Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.The alteration of wound area (A), epidermal thickness (B) and collagen (types I and III) percentages (C) in wound healing of the Sunda porcupine. The wound closure in TD occurred a slightly faster than LS, where the alteration of epidermal thickness and collagen composition were fluctuated both in TD and LS in each part of skin.Fig. 3.Polysaccharide content detected in Periodic acid Schiff (PAS)-Alcian Blue (AB) staining in stages of wound healing in the Sunda porcupine. The alteration of polysaccharide was shown from Normal skin (A) to Hemostatic-Inflammation stage (B), Inflammation-Tissue Formation (C), and Tissue formation-Remodeling (D). Several parts of the skin were shown in (a), (b), and (c) in each stage.Magenta color represents neutral polysaccharide, blue represent acid polysaccharide. bv, blood vessels; d, dermis; dg, degraded matrix; ds, dermis superficialis; dp, dermis profundus; ep, epidermis; fb, fibroblast; fc, fibrin clot; gr, glycogen granules; gt, granulation tissue; leu, leucocyte; mb, membrana basalis; wb, wound border. Bar: 100 *µ*m. and Clinical in [Figs. 4](#fig_004){ref-type="fig"} and[5](#fig_005){ref-type="fig"}Fig. 4.Picrosirius red images under polarized light of wound healing in the Sunda porcupine were shown in gross appearances images (Clinical) and histological images (normal, wound border, and granulation tissue). d, dermis; ep, epidermis; gt, granulation tissue. Bar Clinical: 2 cm, Bar normal, wound border, and granulation tissue: 200 *µ*m.). In gross observation, the pattern of wound closure in biopsy animals was similar to non biopsy where the main wound still closed in almost similar rate and pattern both in TD and LS, leaving only small wound of post biopsy procedure. At the end of observation (day 50 post wounding), the scar in TD appeared smaller than LS. In addition, the quills in TD region grow faster than LS region, so that the scar in TD region was covered by surrounding quills.

Day 0 exhibited normal skin structure with thin epidermis, reticular formation of connective tissue, less blood vessels and some fibroblasts. PAS and AB staining revealed that superficial dermis consisted of a lot of fibroblasts, which reacted strongly to staining, while the fibers in connective tissue showed a weak reaction to staining ([Fig. 3A](#fig_003){ref-type="fig"}). Wounding caused alteration of skin structure.

During day 0--3 post wounding, the epidermis around the wound started to thicken and become proliferated (hypertrophy and hyperplasia), with a wound border attached to the temporary clot ([Fig. 3Ba and 3Bb](#fig_003){ref-type="fig"}). Histologically, the wound border contained an abundance of migrating cells, probably leucocyte and assembled on the edge of skin connective tissue and clot. During this period, the wound begins with the hemostatic and inflammation stages. During 3--7 days post wounding, proliferating epidermis expanded to the wound edge, called re-epithelization ([Fig. 2B](#fig_002){ref-type="fig"}). In this period, epidermal cells multiply increasingly until day 21 post wounding ([Supplementary Table 1](#pdf_001){ref-type="supplementary-material"}) and expand to cover wound border between connective tissue and clot ([Fig. 3Bc](#fig_003){ref-type="fig"}), resulting in detachment of scab and clot from skin tissue.

Hemostatic and inflammation stages in days 3--14 post wounding showed a different polysaccharide distribution pattern. Neutral polysaccharide was identified in almost all parts of the skin, such as clot, membrana basalis, secretion in wound edge and leucocyte in skin tissue. In contrast, acid polysaccharide was identified only in collagen fibers in the skin dermis ([Fig. 3B](#fig_003){ref-type="fig"}).

Granulation tissue (tissue formation stage: migration and proliferation stage) formed primarily in day 7--21 post wounding, started below the epidermis layer ([Fig. 3Ca](#fig_003){ref-type="fig"}). This event caused the epidermis layer to move upward. In this stage, granulation tissue contained a lot of small blood vessels, blood cells, and fibroblast ([Fig. 3Cb and 3Cc](#fig_003){ref-type="fig"}). In addition, a clear border was observed between granulation tissue and normal skin connective tissue, which was marked by different arrangement and composition in both of them. Granulation tissue grew larger and complex in day 21--30 post wounding, especially in the LS region. Wound in TD region showed remodeling stages in day 21 post wounding, marked with the degradation of several spots in granulation tissue ([Fig. 3Da](#fig_003){ref-type="fig"}). Wound contraction began since the granulation tissue was formed, around day 7--14 post wounding.

The inflammation and tissue formation (migration and proliferation) stage showed that fibroblast around superficial dermis contained acid polysaccharide, but was absent for neutral polysaccharide. However, neutral polysaccharide was found abundantly in leucocyte ([Fig. 3Ca](#fig_003){ref-type="fig"}). This circumstance differed from the normal condition, marked by a reactive fibroblast to PAS dan AB staining. Migrating and proliferating fibroblast to wound border and granulation tissue showed no reaction to PAS and AB staining, but was reactive to fiber and extracellular matrix ([Fig. 3Cb and 3Cc](#fig_003){ref-type="fig"}).

The wound healing process in days 30--50 post wounding showed remodeling (maturation) stages, especially in the LS region which characterized with decreased granulation tissue and degraded extracellular matrix in several parts of wounded and normal skin . Tissue formation (migration and proliferation) and remodeling (maturation) stage in around days 21--50 showed degraded extracellular matrix, especially in granulation tissue, which was marked by decreased integrity, loose and a lot of space of connective tissue structure ([Fig. 3Da](#fig_003){ref-type="fig"}). Leucocyte contained neutral polysaccharide was identified in degraded extracellular matrix ([Fig. 3Db and 3Dc](#fig_003){ref-type="fig"}). The activity of epidermis thickening started to decrease in days 40--50 ([Fig. 2B](#fig_002){ref-type="fig"}).

Collagen composition changes in wound healing
---------------------------------------------

Generally, the percentage of collagen type I (red) was higher than collagen type III (green) ([Fig. 2C](#fig_002){ref-type="fig"}). Collagen type I was found abundantly in normal dermis and wound border both in the TD and LS region ([Fig. 2C](#fig_002){ref-type="fig"} and [Fig. 4](#fig_004){ref-type="fig"}: Normal, Wound Border). Normal dermis consisted of large fiber collagen, predominantly collagen type I. Meanwhile, wound border was highly variated in connective tissue and morphology, which mostly composed of collagen type I, but several parts composed of collagen type III and other types in all stages of wound healing. Granulation tissue was composed by other types of collagens (non polarized components−black color), predominantly beside collagen types I and III according to polarized color. However, in certain days of observation of granulation tissue (day 21--30), the percentage of collagen type I showed higher than collagen type III, but distributed locally in certain spots. In contrast, collagen type III distributed greater in granulation tissue ([Fig. 2C](#fig_002){ref-type="fig"} and [Fig. 4](#fig_004){ref-type="fig"}). The alteration of these collagens showed significant differences during observation.

Generally, the alteration of collagen types I and III was similar in normal dermis and wound border both in TD and LS region, where the decreased percentage was observed in days 3--14 post wounding, and started to increase in days 14--30 post wounding, reaching an equivalent percentage to normal skin percentage (day 0) ([Supplementary Table 2](#pdf_001){ref-type="supplementary-material"}). Subsequently, the decreased percentage was observed in days 40--50, both in collagen types I and III in TD and LS region. In contrast to normal dermis and wound border, the percentage of collagen types I and III in granulation tissue showed a different pattern. In granulation tissue the collagen type I started to increase rapidly in days 30 to 40, reaching to peak, while collagen type III increased from day 14 to 21, reaching to peak, then both collagen type percentages decreased until day 50 ([Fig. 2C](#fig_002){ref-type="fig"} and [Fig. 4](#fig_004){ref-type="fig"}, [Supplementary Table 2](#pdf_001){ref-type="supplementary-material"}).

The ratio of collagen type I to collagen type III in the TD region tends to be higher than LS region both in normal dermis, wound border, and granulation tissue. This circumstance indicated that a percentage of collagen type III in the TD region tends to be lower compared to the LS region and contributed to its pattern of collagen alteration during wound healing ([Table 1](#tbl_001){ref-type="table"}Table 1.Ratio of collagen type I to collagen type III in each part of skin and daysDayRatio collagen I: IIINormal dermisWound borderGranulation tissueTDLSTDLSTDLS02.471.3133.483.183.222.5973.222.793.373.02143.492.392.772.360.650.46213.262.102.192.060.620.32301.672.461.752.150.780.91403.363.453.913.143.602.39502.271.932.552.140.790.97TD, thoracodorsal; LS, lumbosacral.).

Through LV-SEM imaging, fiber in normal dermis was thick band, rigid and clear edge, formed with reticular arrangement to other fiber. During wound healing, several parts in dermis superficial altered morphologically to be abundant, smaller and shorter fibers. Fiber in the wound border composed of thick and thin fiber randomly, where no clear edge between fibers. In addition, the thick fiber originated from normal dermis, while thin fibers were new fibers produced in granulation tissue to facilitate wound healing. Granulation tissue composed of abundant small, short and thin fibers without clear edge mixed with many cells ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Low Vacuum Scanning Electron Microscope (LV-SEM) images of skin wound healing in the Sunda porcupine were shown in gross appearances images (Clinical) and histological images (normal, wound border, and granulation tissue). White arrow indicates the thickness and morphology of fiber. Fiber in normal part of the skin showed rigid, thick, and clear edge; fiber in wound border showed mixed thick and small fibers with no clear edge; fibers in granulation tissue showed abundant small and compact fibers. Bar Clinical: 2 cm, Bar normal, wound border, and granulation tissue: 100 *µ*m.).

DISCUSSION {#s3}
==========

The process of wound healing in the Sunda porcupine skin is generally the same as other mammals, which includes the process of hemostatic, inflammation, tissue formation, and remodeling. The process of wound healing in rodents is contraction type, which is believed to be the same in the Sunda porcupine, which involves the function of myofibroblast and panniculus carnosus to reduce the size of the wound \[[@r36], [@r42]\]. This process helps wound closure to be faster than the type of re-epithelization in human \[[@r29]\].

The healing of open wounds in the Sunda porcupine was similar to rats, cats and humans \[[@r6], [@r29], [@r36], [@r67]\] compared to spiny mice, *Acomys sp.* \[[@r58]\]. Generally, wound healing in human is characterized by a re-epithelialization and granulation formation process while almost rodent's wound healing is characterized by rapid contraction and re-epithelization. The healing process is characterized by re-epithelialization and granulation tissue formation at the beginning of healing (similar in humans and rats), which is then followed by progressive wound contractions similar in cats' wound healing. On the other hand, wound healing in spiny mice is characterized by a process of quick re-epithelialization and wound contraction at the beginning of the healing process. One similar factor between wound healing in the Sunda porcupines and humans is related to their hair density. Characteristics of rat skin that have high hair density (1,548 hairs/cm^2^) are very different from humans (29 hairs/cm^2^) \[[@r40]\] and the Sunda porcupine (0.38--1 quill clusters/cm^2^ with approximately of 5--20 hairs/quill clusters) \[[@r53]\], which contribute to the rapid re-epithelialization process in early wound healing in rats \[[@r33]\].

Picrosirius red staining is a simple and sensitive method developed by Junqueira *et al*. \[[@r34]\] to identify collagen structure in tissue section. Picrosirius red is a strong anionic dye associated with cationic collagen fiber that enhanced its natural birefringence under polarized light \[[@r34], [@r45]\]. Recently, many studies use the picrosirius red staining to identify the type of collagen based on its color under polarized light \[[@r3], [@r4], [@r12], [@r14], [@r52]\]. Generally, yellow-red birefringence can be associated with collagen type I, while green birefringence can be associated with collagen type III \[[@r34], [@r45]\]. Caetano *et al*. \[[@r8]\] revealed that the picrosirius red staining method is equivalent to the quantified method by measuring hydroxyproline of sample to obtain the total collagen percentage in wound healing.

The role of connective tissue, especially collagen types I and III is important in forming the structure of the skin. The increased wound size in the early days of healing corresponds to the decreased percentage of collagen types I and III, thus indicating the integrity of skin is affected by collagen composition. The alteration of collagen types I and III during wound healing in the Sunda porcupine, indicates that there might be an interaction between collagen types I and III in the process of wound healing in porcupine skin. Collagen type III in the skin is distributed as a sheet on the outside of collagen type I fibers. These fibers are the main components in the reticular tissue of the skin \[[@r23]\]. Collagen type III is thought to play a role in the process of fibrillogenesis of collagen type I \[[@r23], [@r38]\]. In addition, the presence or ratio between certain types of collagen fibers can affect the function of fibroblasts \[[@r66]\]. In full thickness wound healing of the Sunda porcupine, the ratio of collagen type I to collagen type III in normal dermis and wound border tends to be stable during wound healing, thus indicating no abnormalities in the process of fibrillogenesis.

This study shows that the stage of tissue formation (migration and proliferation) is a stage that produces a lot of collagen types I and III fibers both on normal skin, wound border and granulation tissues. In addition, the components of collagen types I and III are not the main components in granulation tissue, although these tissues exhibited the red and green color, but the polarization of light indicates that there are other different components besides collagen types I and III. The pattern of connective tissue composition alteration in the wound healing process in the Sunda porcupine skin has a similar pattern to some other studies, such as in rats \[[@r8]\], sheep fetus \[[@r16]\] and pigs \[[@r39]\]. The pattern of change is preceded by a decrease in the composition of collagen until a certain day, followed by an increase and a decline again. However, the percentage of both collagen types I and III varies and differs with the Sunda porcupine.

The alteration in the percentage of collagen types I and III fibers on day 7--40 post wounding has similarities with the alteration in epidermal thickness on day 7--40 post wounding. There might be an interaction between the epidermal proliferation process and collagen synthesis at this stage. Some researchers found that the process of migrating cells of the epidermis or keratinocytes requires interaction between keratinocytes and the extracellular matrix. On day 7--40 post wounding is the stage of synthesis of both extracellular matrix fibers such as collagen and proteoglycans. The interaction between keratinocytes and extracellular matrix increases the migration from the basal layer to the wound area \[[@r48], [@r59]\]. Platelet-derived growth factor (PDGF) secreted by keratinocytes can modulate the organization of the extracellular matrix by attracting fibroblasts, mononuclear cells and blood vessels \[[@r20]\]. Interleukin I produced by leukocytes can increase keratinocyte migration and collagen synthesis in the early wound healing process \[[@r55], [@r63]\].

Granulation tissue in the wound healing process in the Sunda porcupine, which was observed on day 14 post wounding, might have begun around days 7--14 post wounding. Granulation tissue is composed of extracellular matrix, fibroblasts and new blood vessels \[[@r21], [@r44], [@r56]\]. Two main processes, the deposition of extracellular matrix and angiogenesis work in parallel for tissue repair during the proliferation stage. Angiogenesis is slightly slower than the formation of new extracellular matrix. Oxygen is an important component for collagen-producing fibroblasts that aim to perfect granulation tissue \[[@r62]\], thus angiogenesis is an important stage in the wound healing process.

The decreased collagen types I and III percentage at the end of the wound healing process of the Sunda porcupines is related to the degradation activity of extracellular matrix along with the smaller wound size. Generally, fibroblasts are directed to differentiate to become myofibroblasts by macrophages via TGF-β1 signals approaching the final stages of proliferation \[[@r2], [@r17], [@r18], [@r31]\]. Myofibroblast is a contractile cell that capable to forms a new matrix. Contractions are important because they provide mechanical strength to the granulation tissue and reduce the size of the wound \[[@r17], [@r18], [@r31]\]. Collagen type I is produced in the form of fiber, which is parallel to the direction of the myofibroblast, thus strengthening the network and providing mechanical tension. At this stage, myofibroblast begins to degrade primary collagen type III matrix through the mechanism of action of matrix metalloproteinase enzyme and marks a transition phase from proliferation to remodeling characterized by maturation of the granulation tissue into scar \[[@r17], [@r41], [@r68]\].

The process of wound contraction plays a major role in reducing wound size in the wound healing process and has different characteristics in some animals, such as rats, rabbits, guinea pigs, cats and dogs \[[@r5], [@r36]\]. Wound contraction in the Sunda porcupine was observed, starting from day-7 with high progressivity until day-21, whereas in other animals, the process of wound contraction occurred in early wound healing, but with constant progressivity until day 21. Some theories regarding wound contraction reveal that the myofibroblast population at the edge of the wound is responsible for the pull that results in inward contraction of the wound, whereas the granulation tissue that has formed inside of the wound, results in the full contraction of the myofibroblast \[[@r1], [@r25]\]. The delay in wound contraction in the Sunda porcupine might be related to the initial process of granulation tissue formation and re-epithelialization in the wound, as well as the type of contraction that occurs. According to the wound closure graphic, the wound area increased until day 7, which occurred re-epithelialization and early process of granulation tissue formation at the wound edge until the base of the wound is sufficient to produce tissue containing myofibroblast population to contract. In addition, this might be also play a role in activating the contraction of wounds from the subcutaneous muscle (panniculus carnosus) so that when these components were fulfilled, contractions of the myofibroblast and subcutaneous muscles produce a high progression of wound closure from days 7 to 21.

Cells, such as fibroblast, that form connective tissue in hair follicles are believed to play a role in repairing the damaged dermis \[[@r15], [@r32], [@r50], [@r54]\]. Quill follicles in the Sunda porcupine have a large and complex structure compared to hair follicles \[[@r53]\], so that the activity of fibroblasts in forming quill follicles is believed to be higher. The existence of this condition is believed to support the ability of fibroblasts in repairing the dermis of damaged skin much better in the Sunda porcupine skin.

PAS staining can be used to stain neutral polysaccharide and oligosaccharide, such as glycogen and glycoprotein in tissue \[[@r37]\]. PAS staining showed that clot reacted strongly in early stages of wound healing. Glycogen in skin normally detected in epidermis and hair follicle \[[@r51]\]. Re-epithelization during wound healing in the Sunda porcupine showed presence of glycogen granules which indicated that migration and proliferation of keratinocytes needed and deposited glycogen. One of the glycoprotein is fibronectin, which plays important roles in wound healing, such as haemostatic and tissue formation stage. Fibronectin along with fibrin and clotting factors form blood clot which play a role in haemostatic \[[@r26], [@r27], [@r46], [@r47], [@r64]\]. Moreover, fibronectin also capable to associate with collagen type III \[[@r22]\]. This ability contributed to the fibrin clot reacted to the PAS staining and displayed a green color, collagen type III, in picrosirius red staining.

AB staining can be used to stain the proteoglycans and GAGs in connective tissue. Several proteoglycans and GAGs, such as versican, perlecan, syndecan, and decorin are reported play several roles in wound healing, such as support fibroblast differentiation to myofibroblast, angiogenesis induction, stimulate keratinocytes and endotel migration, and regulate collagen fibers association \[[@r7], [@r19], [@r24], [@r30], [@r60], [@r69]\]. However, the intensity of AB staining was lower than PAS staining during wound healing in the Sunda porcupine, which might be indicate that the proteoglycans and GAGs contribute less than glycoprotein.

In conclusion, full thickness of skin wound healing in the Sunda porcupine began with re-epithelization followed by progressive wound contraction with 4 overlapping stages in about 30--50 days until the wound closed (21--30 days in thoracodorsal and 30--50 days in lumbosacral). The wound healing in the Sunda porcupine mostly involves neutral polysaccharide components and a similar pattern of collagen types I and III alteration in thoracodorsal and lumbosacral region. However, higher ratio of collagen I to III in thoracodorsal region compared to lumbosacral region might be contributed to the wound enclosure time in each region.
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